ABSTRACT: A novel organobentonite was prepared by modifying bentonite with poly(dimethyldiallylammonium chloride) (PDMDAAC), a harmless and cost-effective type of polycation. Zeta potential and X-ray diffraction measurements suggest that PDMDAAC was intercalated into the bentonite interlayer space. PDMDAAC-bentonite has been found to be effective for the removal of p-nitrophenol with a removal rate of 81.4% being achieved. The adsorption process was pH-dependent and was slightly decreased by the Ca 2+ and Mg 2+ ions co-existing in the solution. A dual-phase adsorption mechanism was suggested for the process. The adsorbents obtained from the regeneration of PDMDAACbentonite still exhibit good adsorption capacities.
INTRODUCTION
Adsorption is an important method employed in the treatment of water. The development of clean and cost-effective adsorbents for the removal of pollutants from water is an important and interesting challenge. Bentonite, a naturally occurring and cost-effective clay, has attracted the interest of many researchers as a raw material for the development of adsorbents for the treatment of water. Since the discovery of their unique adsorption capacities in the 1950s, modified bentonites as adsorbents for the removal of pollutants have been the subject of a number of studies.
Bentonite is primarily composed of montmorillonite. It is a 2:1 type of clay mineral and its unit layer structure consists of one Al 3+ octahedral sheet placed between two Si 4+ tetrahedral sheets. The Al 3+ in the tetrahedral sheets can be substituted by Si 4+ while Mg 2+ can substitute for Al 3+ in the octahedral sheets. These isomorphous substitutions in the mineral lattice cause a net negative charge at the clay mineral surface. Typically, inorganic cations (e.g. H + , Na + , Ca 2+ ) offset this charge imbalance on the external and internal surfaces of montmorillonite crystals (Smith and Galan 1995) . These cations are exchangeable and through their exchange it is possible to modify bentonite. Bentonites are often modified by quaternary ammonium organic cations for the removal of organic pollutants (Zhu et al. 1997 (Zhu et al. , 1998 Deitsch et al. 1998; Smith and Jaffé 1992; Gitipour et al. 1997) . In aqueous solution, large quaternary ammonium organic cations readily replace the inorganic cations in the interlamellar space of montmorillonites by ion exchange and the bentonite is said to be intercalated. The resulting organic cation-substituted bentonite is called an "organobentonite".
In the present work, a new kind of organic cation, i.e. poly(dimethyldiallylammonium chloride) (PDMDAAC), was used to modify bentonite and the resulting PDMDAAC-bentonite used for the *Author to whom all correspondence should be addressed. E-mail: luanzk@mail.rcees.ac.cn. removal of p-nitrophenol from water. PDMDAAC is a type of soluble polycation which is harmless and cost-effective. Because PDMDAAC can be used as a flocculant, PDMDAAC-bentonite forms flocs which allow it to be separated easily from the aqueous phase during its preparation.
Substituted phenol is one of the most widely utilized organic compounds. It is a common structural unit in many agricultural chemicals and is found among the degradation products of several pesticides (Boyd 1982) . Moreover, the bioaccumulation rate of p-nitrophenol is greater than that of both phenol and benzene (Halfon and Reggiani 1986) . Here, we report the use of PDMDAAC-bentonite for the efficient removal of p-nitrophenol from water.
MATERIALS AND METHODS

Materials
The natural Ca 2+ bentonite was obtained from Liaoning Province, P. R. China. Both CaCl 2 and MgCl 2 were of analytical grade while PDMDAAC was purchased from SNF Floerger (Andrézieux Cedex, France). PDMDAAC has the formula [(CH 2 CHCH 2 ) 2 N(CH 3 ) 2 ] n Cl n . A stock solution of p-nitrophenol was prepared by dissolving the appropriate quantity of analytical grade p-nitrophenol in deionized water. This stock solution was further diluted with deionized water to obtain working solutions of suitable concentration.
Preparation and characterization of PDMDAAC-bentonite
The natural Ca 2+ bentonite was used as the starting clay. It was converted to the sodium form by ion exchange before being employed in the pillaring reaction which was conducted using a 4% Na 2 CO 3 solution at a Na 2 CO 3 /bentonite ratio of 4:100. The resulting Na bentonite was then dried, milled (particle size < 0.075 mm) and swollen in water for 24 h at room temperature. PDMDAAC-bentonite was synthesized by mixing PDMDAAC with Na bentonite at a known mass ratio in aqueous solution under vigorous stirring for 2 h at 60°C. The resulting mixture was then filtered and the separated PDMDAAC-bentonite washed with deionized water until it was free from chloride ions. The washed product was finally air-dried and milled (particle size < 0.075 mm).
Methods
Characterization of PDMDAAC-bentonite
The PDMDAAC-bentonite was characterized by zeta potential measurements and X-ray diffraction (XRD) analysis. Zeta potentials were determined by microelectrophoresis using a Malvern model Zetasizer 2000 zeta potential analyzer employing suspensions of the adsorbent containing 0.02% solid in 0.01 M NaCl at various pH values. The crystal state of the adsorbent and its interlayer spacings (d (001) ) were determined by X-ray diffraction analysis using a Rikaku Dmax-RB diffractometer.
Adsorption and regeneration experiments
Batch adsorption experiments were performed in glass bottles to which 50 ml of p-nitrophenol solution of a prescribed concentration and a known quantity of adsorbent were added. The pH of the solution was adjusted using 1 M HCl or 1 M NaOH. The bottles were closed with glass stoppers and the mixture shaken at 20°C on a HZQ-C shaker. After a suitable time, the bottles were removed from the shaker and the contained solutions centrifuged. The supernatant solution was analyzed spectrophotometrically using a Hitachi model U-3010 double-beam UV-vis spectrophotometer employing matched 10 mm quartz cells. The amount of p-nitrophenol adsorbed was calculated via the equation:
( 1) where q is the amount of p-nitrophenol adsorbed (mg/g), C 0 is the initial concentration of p-nitrophenol (mg/l), C t is the concentration of p-nitrophenol after shaking the solution for a known period of time (mg/l), V is the volume of the solution (l) and m is the dosage of adsorbent used (g). Regeneration of the adsorbent was undertaken by adjusting the pH of the exhausted PDMDAACbentonite suspension. Thus, for regeneration experiments, p-nitrophenol was first adsorbed using the procedure described above and the suspension obtained after adsorption was centrifuged. The exhausted adsorbent was then placed into 25 ml water, the pH of the suspension adjusted to a known value and the suspension stirred for 2 h. The mixture was then filtered, the filtrate analyzed to ascertain its p-nitrophenol content and the regeneration efficiency calculated. The desorbed PDMDAAC-bentonite was washed with deionized water and air-dried.
RESULTS AND DISCUSSION
Preparation and characterization of PDMDAAC-bentonite
The adsorption properties of bentonite were improved significantly by modification with PDMDAAC. This can be seen from the data depicted in Figure 1 where the adsorption capacities of PDMDAAC-bentonite samples prepared with different PDMDAAC/bentonite mass ratios are shown. The initial concentration of p-nitrophenol employed in these experiments was 10 mg/l. It will be seen that the adsorption capacities increased with increasing PDMDAAC/bentonite ratio. When this ratio reached a value of 0.23, no further increase occurred in the adsorption capacity and a removal rate of 81.4% was achieved. Thus, a PDMDAAC/bentonite mass ratio of 0.23 was chosen for the preparation of subsequent PDMDAAC-bentonite samples.
In order to interpret the data for pollutant adsorption onto polycation-exchanged clays, it is important to ascertain whether or not the polycation is present in the clay interlayers. The zeta potentials for unmodified bentonite (Na montmorillonite) and PDMDAAC-bentonite at various pH values are shown in Figure 2 . As can be seen from the figure, the zeta potentials for PDMDAAC-bentonite and Na bentonite both decreased with increasing pH over the approximate pH range of 3-7. The zeta potential for PDMDAAC-bentonite was higher that for Na bentonite at all pH values studied. This indicates that Na bentonite (montmorillonite) is negatively charge to a much smaller extent after modification. The increasing zeta potentials resulting from modification suggest that PDMDAAC cations have been intercalated into the interlamellar spaces in the montmorillonite structure.
The properties of PDMDAAC-bentonite were also investigated by X-ray powder diffraction (XRD) analysis. The corresponding spectrum is depicted in Figure 3 where that for Na bentonite is also included for comparative purposes. As can be seen from Figure 3 , the interlayer spacing (d (001) ) increased from 1.283 nm to 1.582 nm after the modification of montmorillonite suggesting that PDMDAAC had been intercalated into the interlayer spacing. The intercalated PDMDAAC and the increased interlayer spacing provide the basis for the improved adsorption properties of the material towards organic pollutants.
Adsorption and regeneration tests
The properties of organic pollutants are important factors that affect adsorption processes. In the present work, the values of the aqueous solubility (S) and octanol-water partition coefficient (K ow ) of p-nitrophenol are the two principal properties that affect adsorption. These are 1.6 × 10 4 mg/l and 93, respectively (Zhu and Chen 2000) .
The data depicted in Figure 4 show that the adsorption of p-nitrophenol onto PDMDAACbentonite was pH-dependent and increased with increasing pH value. Thus, an increase in pH from 5.2 to 9.4 led to an increase in the adsorption uptake of p-nitrophenol from 0% to 83.4%. Figure  5 shows the effect of contact time on the adsorption process, from which it can be seen that equilibrium was attained within 10 min. The effect of co-existing ions on the adsorption was also investigated. For this purpose, Ca 2+ and Mg 2+ ions were selected, with the effect of such ions on the adsorption of p-nitrophenol from a 10 mg/l solution being shown in Figure 6 . It can be seen that the presence of Ca 2+ or Mg 2+ ions led to a slight decrease in the adsorption capacity of PDMDAAC-bentonite. Thus, an increase in the concentration of Ca 2+ ions from 0 mg/l to 50 mg/l resulted in a decrease in the removal percentage from 85.2% to 81.7%, while an increase in the concentration of Mg 2+ ions from 0 mg/l to 10 mg/l resulted in a decrease in the removal percentage from 85.2% to 79.1%. The decreased adsorption of p-nitrophenol in the presence of Ca 2+ or Mg 2+ ions is probably due to exchange between the metal cations and the PDMDAAC cations on the adsorbent surface. The presence of exchanged PDMDAAC cations in the aqueous solution would enhance the solubility of p-nitrophenol and thus decrease the extent of its adsorption onto PDMDAAC-bentonite.
The adsorption isotherm for p-nitrophenol onto PDMDAAC-bentonite was also studied employing initial p-nitrophenol concentrations within the range 0-550 mg/l. The results obtained are shown in Figure 7 . It will be seen that the adsorption of p-nitrophenol onto PDMDAACbentonite increased as the equilibrium concentration increased. However, the adsorption curve did not reached a plateau value within the p-nitrophenol concentration range studied. The Freundlich isotherm model was employed for examining the adsorption data obtained. This isotherm model describes the relationship between the amount of p-nitrophenol adsorbed by unit mass of adsorbent (q e ) and the concentration of p-nitrophenol at equilibrium (C e ) (Rengaraj et al. 2002) and may be expressed mathematically as: (2) or (3) where K and n are constants representing the adsorption capacity and intensity of the adsorption, respectively. Application of the Freundlich adsorption isotherm to the experimental data led to a close fit with a correlation coefficient of 0.9701. In studies of the transport, distribution and fate of organic compounds, it is common to apply a "multiphase model" to describe the behaviour of organic compounds when their biodegradation and chemical reactions can be neglected. Some studies have showed that natural organic matter is the dominant phase in the sorption of non-ionic organic solutes from water when the organic carbon content of the medium is greater than 0.5% (Di Toro 1985; Chiou et al. 1998) . Commonly, two adsorption mechanisms, i.e. surface adsorption and partition, are associated with the interfacial behaviour of organic compounds in the organobentonite/water system, while partition and surface adsorption are related, respectively, to the organic matter and mineral surface of the medium. Thus, a dual-phase adsorption mechanism can be suggested for the adsorption of p-nitrophenol onto PDMDAA-bentonite. Such a mechanism can be expressed as in Scheme 1.
The applicability of adsorbents depends not only on their adsorption capacity but also on their desorption properties. The exhausted PDMDAAC-bentonite was desorbed by adjusting the pH of its aqueous suspension to acidic conditions. Experiments showed that the desorption efficiency remained unchanged over the pH range 2-4 but that it decreased above a pH value of 4. For this reason, a pH value of 4.0 was chosen for the regeneration experiments and for an evaluation of the adsorption properties of the regenerated adsorbent. The use of fresh PDMDAAC-bentonite was also included for comparative purposes. The data obtained are depicted in Figure 8 and show that the regenerated adsorbent still exhibited a good adsorption capacity. Indeed, the regenerated PDMDAAC-bentonite exhibited approximately the same adsorption capacity as the fresh PDMDAAC-bentonite. The good adsorption capacity of the regenerated adsorbent suggests that PDMDAAC-bentonite could be recycled and thereby lead to an economical method of use.
CONCLUSIONS
PDMDAAC-bentonite is effective for the removal of p-nitrophenol from its aqueous solution although its adsorption capacity was dependent on the pH value. Co-existing Ca 2+ or Mg 2+ ions in the solution led to a slight decrease in the extent of adsorption. This was probably due to the enhancement of the solubility of p-nitrophenol by the exchanged PDMDAAC cations in the aqueous solution.
It is proposed that both the mineral surface and organic matter act in parallel to adsorb organic compounds from water. Thus, in the present studies, the mineral surface adsorbed p-nitrophenol while the intercalated PDMDAAC created a partition medium for organic pollutants.
PDMDAAC-bentonite can be regenerated with the regenerated adsorbent still exhibiting a good adsorption capacity. 
